Human T-cell leukemia virus type 1 (HTLV-1) is the causative agent of adult T-cell leukemia-lymphoma (ATLL) and tropical spastic paraparesis/HTLV-1-associated myelopathy (TSP/HAM). HTLV-1 uses several strategies for controlling the expression of its genome, including the production of 9 alternatively spliced transcripts ( Figure 1A ). 1-6 Production of plus-strand transcripts is controlled by Tax at the level of transcription and by Rex at the level of nucleo-cytoplasmic export of unspliced and partially spliced mRNAs. 7, 8 Regulation of the minus-strand HBZ transcripts, which lack elements responsive to Rex, remains to be determined.
Introduction
Human T-cell leukemia virus type 1 (HTLV-1) is the causative agent of adult T-cell leukemia-lymphoma (ATLL) and tropical spastic paraparesis/HTLV-1-associated myelopathy (TSP/HAM). HTLV-1 uses several strategies for controlling the expression of its genome, including the production of 9 alternatively spliced transcripts ( Figure 1A ). [1] [2] [3] [4] [5] [6] Production of plus-strand transcripts is controlled by Tax at the level of transcription and by Rex at the level of nucleo-cytoplasmic export of unspliced and partially spliced mRNAs. 7, 8 Regulation of the minus-strand HBZ transcripts, which lack elements responsive to Rex, remains to be determined.
Current models suggest that plus-strand HTLV-1 mRNAs are expressed with a distinct timing during the course of the viral life cycle, with a switch from early (Rex-independent) to late (Rexdependent) transcripts. Although early studies showed a qualitative switch among classes of HTLV-1 mRNAs (multiply spliced vs unspliced), [9] [10] [11] [12] detection of this phenomenon with quantitative transcript-specific methods has proven difficult. 13 To answer this question we used quantitative RT-PCR to quantify proviral expression during the spontaneous proviral reactivation observed in cells from infected patients. The results demonstrated a "two-phase" expression pattern. Using transfection of HTLV-1 molecular clones and subcellular RNA fractionation we demonstrated the Rex-dependency of the two-phase kinetics and determined the compartmentalization of the individual mRNAs, showing that more than 90% of the HBZ mRNAs were retained in the nucleus. Mathematical modeling 14 revealed the importance of a delay of Rex function compared with Tax, which was supported by experimental evidence of delayed accumulation and longer halflife of Rex.
Methods

Samples from HTLV-1-infected patients
Peripheral blood mononuclear cells (PBMCs) from ATLL and TSP/HAM patients were purified as in. 15 Patients are described in supplemental Table 1 (available on the Blood Web site; see the Supplemental Materials link at the top of the online article). All samples were obtained from patients after informed consent in accordance with the Declaration of Helsinki, with approval from the Imperial College and King's College hospitals (London) Institutional Rreview Boards.
Plasmids, cells, and transfections
Plasmid pBS1-2-3 consists of the tax/rex cDNA (exons 1, 2, and 3 flanked by the 5Ј and 3ЈLTRs, from infectious molecular clone CS-HTLV-1 16 ) inserted in pBluescript (Stratagene). Plasmid ACH-Rex knockout (KO) was The online version of this article contains a data supplement.
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derived from the HTLV-1 molecular clone ACH 17 by digestion with SphI followed by removal of 3Ј overhangs (including the Rex initiation codon) with T4 DNA polymerase and religation. Transfections were performed in the HeLa-derived cell line HLtat, 18 chosen for its high transfection efficiency.
Quantitative RT-PCR
RNA of PBMCs from infected patients and transfected cells was extracted and viral transcripts were quantitated as detailed in supplemental Table 2 . For personal use only. on July 16, 2017. by guest www.bloodjournal.org From
Analysis of Tax and Rex expression
The time course of Tax and Rex expression was analyzed as described in Figure 2 .
Results and discussion
Temporal analysis of HTLV-1 expression in PBMCs from infected patients
Although postulated based on the function of Tax and Rex, 7 a temporal switch in HTLV-1 expression has not been demonstrated with quantitative transcript-specific methods. To investigate this possibility, we set up an ex vivo virus reactivation model based on the depletion of CD8 ϩ T-cells from unstimulated PBMCs isolated from HTLV-1-infected patients, which reveals a sharp up-regulation of viral expression in the remaining PBMCs. 15 Samples from 6 patients with TSP/HAM and 3 patients with ATLL were analyzed (supplemental Table 1 ). Splice-junction-specific Real-Time RT-PCR was used to measure the abundance (normalized copy number, NCN) and timing (scaled copy number, SCN) of expression of HTLV-1 transcripts (supplemental Table 2 ). Figure 1 (B-C left) shows the NCN of the different mRNAs after 2 and 48 hours of culture in vitro (black bars and white bars, respectively) in representative cases of ATLL (patient ATLL-1) and TSP/HAM (patient TSP-1). Data on all patients studied are shown in supplemental Figure 1 . Expression of all transcripts was substantially up-regulated on culture in vitro. The most abundant plus-strand transcripts were tax/rex, gag and env, followed by p21rex, p30tof, p13 and p12; the minus-strand (HBZ) transcripts were readily detected.
Analysis of the timing of expression (SCN, Figure 1B -C middle) over a 48-hour time period showed that tax/rex was the earliest transcript followed by a rise in gag expression whose curve intersected that of tax/rex between 8 and 24 hours (indicated by a gray box in the figure), suggesting an "early-late" switch in HTLV-1 gene expression. Analysis of the SCN of all mRNAs ( Figure 1B-C right) confirmed the "early-late" switch (gray box) and suggested a distinct temporal sequence of expression among the "late" mRNAs. The p21Rex mRNA was also detected as an early transcript in most samples, although its expression profile did not follow that of tax/rex in all the patients examined (see supplemental Figure 1 ).
Rex-dependence of the "two-phase" kinetics and nuclear retention of HBZ transcripts
The abundance and timing of expression of the HTLV-1 mRNAs were further investigated in cells transfected with the infectious HTLV-1 molecular clone ACH. This system permitted quantitation of transcripts in the cytoplasmic and nuclear fractions, which was not possible with patient samples because of limited amounts of material. Using a Rex knock-out derivative of ACH (ACH-Rex KO, Figure 2B right) we also tested the Rexdependence of the two-phase expression kinetics. Figure 2A (left) shows NCN in the cytoplasmic and nuclear fractions 24 hours after transfection of ACH. The most abundant plus-strand transcripts were tax/rex and gag, followed by env and p21rex; p12, p13, and p30tof were expressed at lower levels. The plus-strand transcripts showed similar partition in the nucleus and cytoplasm; in contrast the HBZ NCN was over 10-fold higher in the nucleus than in the cytoplasm.
The timing of expression was investigated by calculating "Export Ratios" over 48 hours ( Figure 2B left) . Consistent with results obtained from patient PBMCs (see preceding paragraph), ACH showed a two-phase expression kinetics with "early" tax/rex expression (measured as a sharp increase in export ratio) followed by a rise in the export ratios of the gag and env mRNAs. Importantly, the two-phase kinetics was abolished in cells expressing ACH-Rex KO ( Figure 2B middle) , demonstrating the critical role of Rex in regulating these kinetics. The export ratios of HBZ transcripts remained remarkably low throughout the time course and were not affected by Rex ( Figure  2B left and middle) . The nuclear retention of HBZ transcripts was also confirmed in the infected cell line C91PL 19 (Figure 2A  right) . Although the significance of the nuclear retention of HBZ mRNAs remains to be understood, we propose that it might favor viral persistence by reducing HBZ translation thereby reducing exposure of the infected cell to the HBZ-specific host CD8 ϩ T-cell response 20, 21 while allowing its function as a noncoding transcript driving T-cell proliferation. 22 
Kinetics of Tax and Rex protein turnover
Mathematical modeling (supplemental Figure 2) underscored the importance of a delay in Rex function compared with Tax in the observed expression kinetics. These considerations led us to investigate the time course of Tax and Rex expression from plasmid pBS1-2-3, which expresses the full-length mature tax/rex mRNA ( Figure 2C) , and from the ACH molecular clone ( Figure 2D ). Flow cytometry analyses showed a relative accumulation of Rex at later time points (32, 48 hours) resulting in a progressive rise in the Rex/Tax ratio (right panels).
Consistent with these observations, a comparison of the halflives of Tax and Rex expressed from pBS1-2-3 after treatment with cycloheximide revealed a slower rate of degradation of Rex compared with Tax ( Figure 2E) , with half-lives of 19.6 hours and 6.6 hours, respectively; similar half-lives were measured in ACHtransfected cells (data not shown). These findings provide experimental grounds for the delay in Rex function postulated in the mathematical model and suggest a posttranslational control of Tax and Rex activity. Conflict-of-interest disclosure: The authors declare no competing financial interests.
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